The products of incubation of Nitrosomonas europaea with methanol were studied by 3C NMR spectroscopy. The methanol was converted into formaldehyde, which was at least partially oxidized to formate. Methanol oxidation was prevented by inhibitors of the ammonia oxidizing enzyme, ammonia monooxygenase. The effects of hydrazine and NH,+ were as found in earlier studies with other substrates for ammonia monooxygenase. From experiments in which ammonia and methanol were simultaneously oxidized, the specificity parameter kcat/Km was 0.008 for methanol, relative to unity for uncharged ammonia. The rate of growth was not enhanced by methanol, and attempts to grow the cells with methanol as energy source were unsuccessful. Formaldehyde proved much more toxic than methanol when added to shake-flask cultures. Hydroxylamine, an intermediate in ammonia oxidation, reacts with formaldehyde to form formaldoxime. Formaldoxime inhibited hydroxylamine oxidation, providing a specific mechanism for formaldehyde toxicity.
contamination would therefore have been about 1 % of the total cells. Critical experiments were repeated with uncontaminated cells from shake-flasks, without any change in behaviour being found.
Preparation of cells for experiments. Cells were harvested by centrifugation at 4 "C (28 000 g, 30 min), and were washed in 40 mM-potassium phosphate buffer, pH 7.5, plus 2 m~-MgCl, and 0.15 ~M-(NH,)~SO,. The pellet from recentrifugation (38 000 g, 20 min) was weighed and resuspended in 40 mhi-potaSSiUm phosphate buffer, pH 7.7, plus 2 mM-MgC1,. The cells were stored on ice and used within 24 h.
Incubation with 13C-labelled compounds.
[ 3C]methanol and [I 3C]formaldehyde were both 99% enrichments from Amersham, the latter being purchased as a 25% (w/w) aqueous solution. The medium was as for resuspension of cells. Short-term incubations were done in an O2 electrode chamber. Longer experiments used conical flasks, incubated with shaking at 30 "C. The incubations were terminated by centrifugation to remove the cells (12000 g, 5 min), and the supernatants stored at 0 "C in stoppered glass vials. NMR spectra were run within 36 h of the start of the experiment.
Detection of 13C distribution by NMR. D 2 0 (20%, v/v) was added to the supernatants to provide a lock signal. I3C spectra at 50.1 MHz were obtained with a JEOL FX-200 Fourier transform spectrometer, using 10mm diameter tubes and ambient temperature. Transients (2000-5400) over a 12547 Hz sweep width were collected into 16000 data points. A relaxation delay of 0.2 s was inserted between each pulse. Chemical shifts (6) were measured relative to tetramethylsilane.
Oxygen electrode experiments. A Clark type O2 electrode (Hansatech) was connected to a pen chart recorder. The medium was as for resuspension of cells, unless otherwise stated.
Quantitative determination of methanol and formaldehyde. Methanol was determined by gas-liquid chromatography . Formaldehyde was assayed as described by Chrastil & Wilson (1975) .
Measurement of NH,+ utilization. An NHf selective electrode and reference electrode were used . The electrode potential was monitored as NH,+ oxidation progressed, until the suspension had become anaerobic. The potential was then titrated back to its original value by additions from standard solutions of NHj. KCN (1 mM) was then added to prevent further metabolism.
Chemicals. Acetylene (commercial grade) was passed through a 10% (w/v) solution of CuSO, . 5 H t 0 . Formaldehyde solutions were prepared at about 100 m~ by heating water plus an appropriate quantity of paraformaldehyde in an autoclave at 115 "C for 30 min .
R E S U L T S A N D D I S C U S S I O N
Methanol conversion to formaldehyde and formate Incubation of N. europaea with [13C]methanol led to progressive disappearance of the 13C NMR signal for methanol, at a chemical shift of 6 = 49. 2 (p.p.m.) . A signal at 6 = 82.1, attributable to formaldehyde , rose for some hours but became weaker at long incubation times, while a signal at S = 171-2, attributable to formate , showed a more gradual rise (Fig. 1) . No methanol oxidation occurred in the absence of cells.It should be noted that signal intensities for different metabolites are not directly comparable, because some compounds relax more then others between pulses, as the spectra are being compiled (Levy et al., 1980) . Effect of NH,+ on the rate of methanol oxidation. Methanol (0.37 mM) and NH4Cl as required were added to 10 mwsodium phosphate, pH 7.1, in an oxygen electrode chamber. Washed cells were then added to give 0.5 to 10 mg wet wt ml-l as appropriate. The time taken for the system to become anaerobic was monitored. The remaining methanol was then determined by GLC. Each experiment used 0.18 g wet wt of washed cells in 2.5 ml of medium. For inhibition by allylthiourea the cells were equilibrated with the inhibitor for 10 min before addition of methanol. For inhibition by acetylene the gas was gently bubbled through the suspension for 5 min, followed by shaking to restore aeration. Each incubation was with 10 m~-[l~C]rnethanol for 30 min. The cells were then removed by centrifugation. percentage conversion, which would be difficult to detect by NMR. In our experiments [ 3C]bicarbonate could easily have been lost to the atmosphere as 3C02. However, the steadily rising formate signal during the 30 h incubation shown in Fig. 1 implies that formate was only slowly oxidized.
I3C NMR signal intensity (arbitrary units) Incubation
Inhibition of methanol oxidation Ammonia monooxygenase has several characteristic inhibitors. It is irreversibly inhibited by acetylene, which acts as a suicide substrate . Allylthiourea is a potent reversible inhibitor (Hooper & Terry, 1973) . Allylthiourea, or prior exposure to acetylene, both prevented methanol oxidation, monitored by NMR (Table 1) or by quantitative assay.
Eflect of reductant and NH,+ on methanol oxidation
Hydrazine is an alternative substrate for hydroxylamine oxidoreductase in N . europaea (Nicholas & Jones, 1960) . It is a convenient reductant in studies of organic conversions by the monooxygenase, because higher rates are obtained than with hydroxylamine (Hyman & Wood, 1984) . With hydrazine as reductant the rate of O2 uptake was approximately doubled on addition of methanol, the stimulation being reversed by allylthiourea (results not shown). This behaviour is characteristic of substrates for ammonia monooxygenase . It is explained by electrons passing preferentially to the monooxygenase, which consumes 1 O2 per 2 e-. When the monooxygenase is unable to turn over, because of inhibition or lack of substrate, electrons pass to the terminal oxidase, which only reduces 1 O2 per 4e-.
The effect of NH,+ on the rate of methanol oxidation was studied by GLC (Fig. 2) . A stimulatory effect of low NH,+ concentrations has been observed with several substrates for the monooxygenase. It is explained by an increased supply of reductant ; if hydroxylamine is present at a steady-state concentration, each oxidation of ammonia to nitrite leaves two electrons available for an organic oxidation Wood, 1986) . The inhibitory effect of high NH,+ concentrations has been observed with other organic substrates . It is explained by competition between the organic substrate and ammonia for a common active site. Jones & Morita (1983) obtained a similar profile for methane oxidation as a function of NH,+ concentration.
How speciJic is ammonia monooxygenase ?
The experiments described above show that methanol oxidation was inhibited by characteristic inhibitors of ammonia monooxygenase, which would not have affected a conventional methanol dehydrogenase. The effect of hydrazine and NH,+ was as found for other organic conversions by ammonia monooxygenase. One may conclude that the range of substrates for the monooxygenase includes methanol. Cornish-Bowden, 1979) . Such measurements are most accurate when similar proportions of the two substrates are converted in a given time; a pH of 7.1 was found to be appropriate. At this pH, methanol gave a (kcat/&,) of 0-77 0.1 (from six determinations), relative to unity for NH,+. However, the true physiological substrate for the monooxygenase is uncharged NH3 , not NH,+ (Suzuki et al., 1974) . At 30 "C the pK for deprotonation of NH,+ is 9.1 (Sillkn & Martell, 1964) .
Thus, at pH 7.1 only about 1 % would be uncharged NH,. If the kcat/Krn for methanol is reevaluated relative to unity for NH3, a value of only 0.008 is obtained. The enzyme is therefore more specific than the experiment would suggest. An earlier study found methane to be a slightly poorer substrate, kcat/Krn being 0.004, relative to unity for NH, (Hyman & Wood, 1984) .
Attempts to detect growth of N . europaea on methanol
No convincing evidence for increase in cell protein as a result of methanol utilization could be obtained.
Comparative efects of methanol and formaldehyde on cell cultures
The effect of adding methanol or formaldehyde to cells in shake-flask culture, shortly after the start of exponential growth, is shown in Figs 3 and 4. Both reagents invariably slowed down the rate of nitrite production. Formaldehyde was a much more potent inhibitor than methanol; cultures treated with 1 mwformaldehyde were apparently killed, while 5 mwmethanol had less effect than 0.1 mwformaldehyde. Formaldehyde toxicity thus plays an important part in determining the response of N . europaea to methanol.
Is formaldoxime responsible for the inhibitory eflects of formaldehyde ?
Ammonia oxidation to nitrate involves the production of hydroxylamine as an intermediate (Hofman & Lees, 1953) . Formaldehyde reacts readily with hydroxylamine, forming formaldoxime.
H,C(OH), + H2NOH H,C=NOH + 2H20
(1) This was verified by 13C NMR. The NMR spectrum obtained from 1 m~-[l~C]forrnaldehyde showed a signal at 6 = 82.1, attributable to hydrated formaldehyde, plus a minor signal at 6 = 62.8. Formaldehyde solutions contain self-addition compounds in equilibrium with the monomer (Dankelman & Daemen, 1976) ; the minor signal was at a chemical shift appropriate for the dimer, HOCH20CH20H. On addition of equimolar hydroxylamine the signal from hydrated formaldehyde disappeared, being replaced by a signal at S = 140.6. This is close to the chemical shift reported for formaldoxime (Lichter et al., 1974) . Additions of formaldoxime inhibited the overall process of ammonia oxidation to a much greater extent than the same concentration of formaldehyde (Fig. 5) . In the experiment shown in Fig. 6 hydroxylamine was added to cells plus formaldehyde. The rate of O2 uptake became progessively inhibited, as the hydroxylamine was converted into formaldoxime. Within a few minutes inhibition was almost complete. Further additions of hydroxylamine were then made. With an excess of hydroxylamine over formaldehyde the rate of O2 uptake was still much slower than for normal hydroxylamine oxidation. It is clear that formaldoxime has an inhibitory effect on hydroxylamine oxidation.
Incubation of N . europaea with [ 3C]formaldoxime led to production of [13C]formate, which became the only detectable compound in 13C NMR spectra for the cell supernatant. The oxidation was not inhibited by allylthiourea, implying that the monooxygenase was not responsible. An alternative substrate for hydroxylamine oxidoreductase, N-methylhydroxylamine (CH3NHOH), has structural similarities with formaldoxime (Ritchie & Nicholas, 1974; Hooper & Terry, 1977) . It is therefore plausible that formaldoxime is slowly oxidized by hydroxylamine oxidoreductase, as well as being an inhibitor of hydroxylamine oxidation.
Reaction (1) is reversible; its consequences will depend on the relative concentrations of the different species present at equilibrium. An equilibrium constant, K = 4 x lo4 M -~, can be deduced from measurements of Sander & Jencks (1968) , who found K = 6-1 x lo3 M-' for the semicarbazide adduct of formaldehyde, while other aldehydes gave an equilibrium constant for oxime formation about six times that for the semicarbazide adduct. If reaction (1) approaches equilibrium,
Since K = 4 x lo4 M -I , it follows that the concentration of formaldoxime will be greater than that of hydroxylamine when the formaldehyde concentration is in excess of 2 5~~. By incubating N . europaea with methanol and ammonia we have obtained formaldehyde concentrations of 2 mM, giving a predicted ratio [formaldoxime] : [hydroxylamine] of 80. Exactly how much difference this will make cannot be assessed, since the steady-state concentration of hydroxylamine during ammonia oxidation is too low to be detected (Wood, 1986) , and we have no direct evidence for its conversion to formaldoxime.
Why is N . europaea unable to pro$t Jrom methanol oxidation?
In conventional methylotrophs, methanol oxidation is mediated by methanol dehydrogenase, with pyrroloquinolinequinone (PQQ) as its prosthetic group. We have treated N . europaea according to standard procedures for extracting PQQ (Duine & Frank, 1980; Ameyama et ai., 1981) , but have failed to detect its characteristic fluorescence in the extact (Dekker et al., 1982) . The inhibition of methanol oxidation by acetylene treatment or allylthiourea is consistent with an absence of methanol dehydrogenase.
Methanol oxidation is therefore a consequence of the lack of specificity of ammonia monooxygenase. The conversion of methanol to formaldehyde will have a debilitating effect, because it consumes valuable reductant. Nevertheless, it could have useful consequences, if the cells were equipped with appropriate enzymes. Addition of formaldehyde or formate to resting cells in an O2 electrode chamber resulted in no significant stimulation of the O2 uptake rate (data not shown). The detectability of formaldehyde and formate in 13C NMR spectra is further evidence against significant activity of formaldehyde or formate dehydrogenases. The reason why N . europaea seems unable to use reduced C1 compounds as fuels may be the same as why the cells are unable to grow heterotrophically by oxidation of larger carbon compounds. The ability to use ammonia oxidation as an energy source implies a delicate balance between three competing electron sinks -the monooxygenase, the terminal oxidase, and NAD+ reduction by reversed electron flow. Underlying control mechanisms may be incompatible with any alternative mode of respiration (Wood, 1987) .
It is estimated that COz fixation by the Calvin cycle consumes about 80% of the energy budget of an autotroph (Forrest & Walker, 1971 ; Kelly, 1978) . Since formaldehyde contains carbon at the same level of reduction as in carbohydrate, one might hope that an appropriate design of experiment would reveal enhanced growth on addition of methanol. However, in our studies we have been unable to show any beneficial consequences of methanol oxidation. The results shown in Fig. 4 suggest that the harmful effects lie in the uncontrolled production of formaldehyde. There may be analogies with the very Iow tolerance of certain methanotrophs to free methanol (Whittenbury et al., 1970) . However, a specific mechanism for sensitivity to formaldehyde is provided by the inhibitory action of formaldoxime on hydroxylamine oxidation.
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